The connection between Alzheimer's disease (AD) and olfactory deficits is well documented and further, alterations in olfactory functioning may signal declines in functions associated with dementia. The aim of the present comprehensive meta-analysis was to investigate the nature of olfactory deficits in mild cognitive impairment (MCI). Methods Articles were identified through computerised literature search from inception to 30 June 2016 using PubMed, MEDLINE and PsychInfo databases. In order to control for differences in sample size during effect size computation, studies were weighted according to their inverse variance estimates. Results 31 articles (62 effects) were identified, which included 1993 MCI patients and 2861 healthy older adults (HOA). Included studies contrasted odour identification, discrimination, detection threshold and/or memory between cases and controls. Moderate to large and heterogeneous effects were seen for olfactory deficits in MCI relative to HOA (d=−0.76, 95% CI −0.87<δ<−0.64). Moderator analysis revealed that tests of odour identification yielded larger effect sizes than those of odour detection threshold or memory. In addition, a potential interaction between age and sex was observed, with male patients carrying a larger burden of olfactory deficit and older female patients performing better on olfactory tests. Conclusions and relevance Olfactory deficits are present and robust in MCI. Odour identification is most impaired in MCI, which parallels the most prominent sensory deficit seen in AD. As such, a simple-toadminister test of odour identification warrants inclusion in the screening of individuals at risk for developing AD.
INTRODUCTION
Earlier identification and diagnosis of individuals likely to develop Alzheimer's disease (AD) is critical for potential intervention and treatment early in the course of the disease. Hence, there has been intense focus on individuals at risk for developing dementia, in particular those with mild cognitive impairment (MCI). To this effect, recent studies of neuropsychological function in MCI are aimed at early detection and prevention strategies. Recent work 1 verifies prior findings on the diagnostic utility of detailed neuropsychological and cognitive screening inventories in AD and MCI. However, challenges remain in differentiating incipient dementia from healthy ageing, thus additional methods that provide brief, accurate and cost-effective approaches to predicting the onset of AD are desirable.
Several lines of evidence implicate alterations of the olfactory system in the pathogenesis of Alzheimer's type dementia. [2] [3] [4] Deficits in odour identification are large 2 5 and likely denote fundamental neuroanatomic and neurophysiologic abnormalities that are specific to the peripheral olfactory system 3 6 and primary olfactory cortex. 7 Poorer olfactory ability is associated with structural brain changes in the hippocampus and entorhinal cortex, two regions affected in dementia. [8] [9] [10] Most importantly, olfactory dysfunction is correlated with AD pathology on postmortem examination, 11 biopsies of the olfactory epithelium note the presence of AD pathology (eg, Aβ) in AD patients 12 and the presence of tau protein is measurable in nasal secretions of AD individuals. 13 On a practical note, olfactory screening is routine in otorhinolaryngology, 14 15 reliable, 16 and quick and easy to administer 17 18 making it ideal for clinical screening in dementia.
Over the past 2 decades, several studies have measured olfactory performance in MCI. Deficits are observed in multiple olfactory domains, including odour detection threshold, identification, discrimination and memory. Several of these studies find that olfactory deficits precede the onset of illness, 19 20 distinguish patients with prodromal symptoms (eg, MCI) from healthy older adults (HOA) 21 22 and may predict which vulnerable individuals are most likely to develop AD. 19 21 23-25 However, these findings are not consistent across studies and discrepancies may relate to heterogeneity of the MCI diagnosis, illness stage or severity, age or olfactory methodology. Improvement in the specificity of these olfactory deficits may arise through the investigation in MCI subtypes. For example, impaired odour identification and detection has been found in MCI amnestic subtype (aMCI) with more severe deficits in aMCI individuals with deficits in multiple domains. 22 Also, a recent, prospective population-based study found odour identification deficits were associated with incident aMCI and with progression from aMCI to AD. 23 Yet, to date, there is neither thorough, quantitative investigation of the nature of olfactory psychophysical performance deficits in MCI, nor within MCI subtypes.
In the current study, we conduct a comprehensive meta-analysis of existing studies examining psychophysical olfactory function in patients with MCI. A meta-analytic approach allowed for the combination of results across studies to provide a more powerful estimate of true population differences. We examined olfactory functioning in adults with MCI, including MCI subtype, as compared with healthy age-matched comparison groups. Further, we sought to identify the impact of various potential moderators, such as demographic and clinical variables that have been previously identified as different between patient and healthy comparison groups. We hypothesise that olfactory performance will be lower in MCI as compared with controls, even after assessing the known contributions of age and sex.
MATERIALS AND METHODS Literature search strategy
Articles were identified through computerised literature search using PubMed, MEDLINE and PsychInfo databases to find relevant studies with the search terms "mild cognitive impairment" or "MCI" AND each of the following: "olfactory, olfaction, smell". The search was limited to English language articles that enrolled human subjects. Additionally, a thorough manual review of articles was performed using cross-references from identified original articles and reviews. Studies eligible for inclusion used performance-based measures of olfactory functioning which provided statistical information that permitted meta-analytical methods to be used. This search procedure yielded 39 articles that addressed olfactory function in MCI patients.
Data extraction
The Meta-analysis of Observational Studies in Epidemiology (MOOSE) standard 26 was followed in the extraction of relevant studies and data (see online supplementary materials). Studies that were included in the meta-analysis followed these criteria: (1) a focus on standard or experimental tasks of olfactory function in patients with MCI, (2) had an age-matched comparison group of healthy unrelated participants with no history of MCI and (3) provided data or statistical information that allowed for the calculation of effect size. Based on criteria 1-3, three authors (MJM, LB, SK) initially reviewed each potential study. Initially, recommendations from the National Institute on Ageing-Alzheimer's (NIA-A) Association workgroup was used to ensure adequate diagnostic criteria were used for MCI. 27 Previous studies of MCI have revealed there is significant variability in cognitive profiles associated with early stages of AD beyond the typical 'amnestic' profile 28 29 and that this heterogeneity may suggest different neurobiological routes to AD. In turn, we sought to further subtype the MCI diagnosis when possible, defining the following MCI categorisations: (1) Amnestic (aMCI), single domain impairment in memory; (2) Amnestic plus (aMCI+), impairment in memory with additional cognitive deficit(s); (3) Single domain (sdMCI), impairment in a single domain of cognition excluding memory; (4) Multiple domain (mdMCI), impairment in multiple cognitive domains excluding memory; (5) Unspecified (MCI Mixed), no identified subtypes perhaps reflecting an amalgam of subtypes. Subsequently, two principal investigators (DRR and PJM) independently reviewed the diagnostic criteria in each manuscript to ensure study subjects met criteria for the diagnosis of MCI. All disagreements were resolved via discussion and a consensus decision was reached. After passing this stage, relevant data were extracted for meta-analytic analysis, including data on tests of olfactory function, clinical criteria, demographic information and mini-mental state examination (MMSE) scores, if provided.
After review, eight articles of the original 39 were excluded, resulting in 31 publications that reported comparative results of psychophysical olfactory testing (see online supplementary materials for article inclusion list), totalling 62 effects for analysis (table 1). Reasons for exclusion were: (1) absence of healthy comparison groups (N=5); (2) insufficient characterisation of MCI sample (N=2) and (3) limited olfactory methodology (N=1). A complete list of included and excluded articles is presented in the online supplementary materials.
Methodological variables
We sought to define olfactory function broadly, looking at effect size across four basic domains including psychophysical tests of: (1) odour identification, (2) odour discrimination, (3) odour detection threshold and (4) odour memory. Assignment of olfactory tests to selected domains was guided by the classifications made in source articles and consensus of the authors.
Moderator variables
In the event of significant effect of heterogeneity in effect sizes across studies, categorical moderator analysis was undertaken for: (1) Olfactory domain (ie, identification, discrimination, The included articles were searched for additional demographic characteristics, including smoking status/burden and laterality of presentation; however, these data were not sufficiently reported to be included in formal analyses.
Statistical analyses
All analyses were carried out using Comprehensive Meta-Analysis V.2.0 (Biostat, 2005) using standard random-effects models. Differences in olfactory function were analysed across all eligible studies. The mean difference in olfactory scores between MCI patients and healthy comparison subjects were standardised using Cohen's d, the difference between the two raw means divided by the pooled SD. When means and SDs were not available, d was calculated from reported univariate F tests, t-statistics or p values. CIs for each effect were reported. In order to control for differences in sample size during effect size computation, studies were weighted according to their inverse variance estimates (see online supplementary materials for details). Prior convention has classified effect sizes as small (d=0.2), medium (d=0.5) or large (d≥0.8) based on these methods. 30 Random-effect models were used to compute the significance level of the mean effect sizes for each study and selected demographic and clinical variables. Effect size homogeneity across studies was assessed using the Cochran Q-statistic. 31 In the case of overall effect size heterogeneity, potential moderators were analysed using the Q-statistic and meta-regression techniques. Publication bias was evaluated graphically through the use of a funnel plot as well as an adjusted rankcorrelation test, according to the methods of Begg and Mazumdar, 32 Egger et al, 33 and Duval and Tweedy. 34 
RESULTS

Overall meta-analysis results
Analysis of effect sizes across olfactory domains for the MCI sample revealed effect sizes in the medium to large range of magnitude (k=62, d=−0.76, 95% CI −0.87<δ<−0.64) that were significantly heterogeneous (Q B (61)=237.63, p<1.0×10 −5 ). Individual study effect sizes by olfactory domain are displayed in figure 1 . Given that the variability in effect sizes between MCI and healthy comparison groups differed more than would be expected from sampling error alone, analysis of potential moderator variables was undertaken.
Moderator analysis Olfactory domain
Analysis revealed significant heterogeneity among effect sizes (Q B (3)=10.25, p=0.017). The effect size for odour identification (d=−0.86, 95% CI −1.00<δ<−0.73) did not differ from odour discrimination (d=−0.79, 95% CI −1.30<δ<−0.27; p=0.63), but was larger than odour memory (d=−0.28, 95% CI −0.68<δ<0.12; p<0.01) and odour detection threshold (d=−0.52, 95% CI=−0.81<δ<−0.23; p=0.04). The effect size for odour discrimination was nominally, but not statistically, larger than odour memory ( p=0.09) and odour detection threshold ( p=0.25). Odour memory did not differ from odour detection threshold ( p=0.44; see figure 2 ).
Odour identification test type
Within the odour identification domain, analysis of the four different odour identification tests (ie, UPSIT, B-SIT, Sniffin' Sticks or other), did not reveal significant heterogeneity among effect sizes (Q B (3)=6.06, p=0.10).
Mini-mental state examination
The average MMSE score for MCI patients was 26.93 (range 24.30-28.80). Results of meta-regression did not reveal a significant relationship between MMSE scores and olfactory deficit (k=44, Z=0.44, p=0.66). Follow-up analyses are detailed in the online supplementary materials.
MCI subtype
Analysis of the five MCI subtypes did not reveal any differences between aMCI, aMCI+, sdMCI, mdMCI or MCI Mixed groups (Q B (4)=0.94, p=0.92).
Demographic characteristics Sex
Analysis of sex composition of the samples revealed that studies with a larger proportion of men showed a greater magnitude of olfactory deficit (k=55, Z=−6.88, p<1.0×10 −5 ).
Age
The average age of MCI subjects was 72.83 (range 64.10-82.00) years and meta-regression revealed a somewhat counterintuitive relationship between higher age and less olfactory deficit (k=57, Z=2.39, p=0.017). Further examination of the scatterplot, however, revealed six outliers where the mean patient age was >79 years and the samples comprised a higher proportion of female participants (∼70% female, on average). Indeed, when these outliers were removed from the analysis, an inverse relationship between age and olfactory performance was observed with higher age being associated with poorer olfactory performance (k=51, Z=−4.25, p<2.0×10 −5 ). The latter analysis suggests an interaction between age and sex on olfactory performance.
Education
Overall, years of education (mean=12.5) revealed no significant effect on the observed olfactory deficit (k=35, Z=−0.92, p=0.36). Follow-up analyses are detailed in the online supplementary materials.
Publication bias
Analysis for the presence of possible response bias revealed an asymmetric funnel plot and significant Begg ( p=7.0×10 −5 ) and Egger ( p=2.0×10 −5 ) tests. Considering potential 'file drawer' and/or publication bias in MCI literature, we calculated the potential missing studies using the Duval and Tweedie 34 'trim and fill' method. This procedure indicated that no studies were missing from analysis and generated a point estimate (−0.75) that was nearly identical to the original estimate. Finally, calculation of a fail-safe N revealed that 8738 'null' studies would need to be found and incorporated into the analysis to negate the observed effect. As such, these methods support the notion that the current meta-analytic data accurately represent the extant literature concerning olfactory function in patients with MCI and that actual publication bias is unlikely.
DISCUSSION
This meta-analytic review extends the current literature on olfactory functioning in patients with MCI by quantifying the magnitude of olfactory deficit relative to healthy comparison subjects, as well as specifying potential moderator variables that influence psychophysical olfactory performance in this population. It is notable that the overall effect size was relatively large (d=−0.76, CI −0.87<δ<−0.64), although considerably smaller than the large olfactory deficits seen in frank AD. Tests of odour identification generally yielded larger deficits as opposed to odour discrimination, odour memory and odour detection threshold.
The current findings are generally consistent with a prior meta-analysis in AD, where AD patients showed robust deficits across olfactory domain. 5 For example, in a meta-analysis by Mesholam et al, 2 mean effect size as measured by Cohen's d across olfactory domains was 3.36 in the AD group; a significant psychophysical impairment. Similarly, in a more recent meta-analysis, Rahayel et al 5 also reported an extremely large composite effect size, where Cohen's d=1.73. As expected, however, the magnitude of olfactory deficit in MCI appears to fall between that of healthy controls and that seen in AD patients. Odour identification deficits in MCI were larger relative to detection threshold sensitivity and deficits in odour recognition memory. A relatively greater deficit in odour identification in MCI is similar to findings in AD and is relevant as it likely denotes impairment that is different from typical age-related olfactory deficits, since HOA are more impaired on odour detection threshold rather than odour identification. 16 Thus, our findings re-emphasise recent calls for the inclusion of tests of odour identification in the screening of individuals at risk for developing dementia. 5 23 Somewhat unexpectedly, our results indicate no significant association between olfactory measures and MMSE score-a pre-eminent cognitive screening tool. Several studies [35] [36] [37] propose that odour identification and recognition ability rely on high-order cognitive resources (eg, executive function, verbal or semantic memory) whereas odour detection relies more on basic perceptual processing. 4 38 In fact, one empirical study found discrete differentiation of two odour-processing domains using a principal component analysis-(1) odour detection threshold and (2) odour identification or discrimination-suggesting relatively independent processing. 39 In addition, at least one study reports a strong association (r=−0.34 (left nostril); r=−0.49 (right nostril)) between MMSE score and olfactory semantic errors across 37 individuals that were cognitively normal, AD or MCI. 40 Fundamentally, odour identification is a complex task that relies on intact sensory perception and higher order semantic processing. 41 As AD is associated with the latter, it is plausible that odour identification ability might be associated with deficits in semantic processing and present in individuals with incipient dementia. In this light, a weak, non-significant association of odour identification or memory with MMSE scores in the current meta-analysis could be considered surprising. Yet, there are several possible explanations for the weak association. First, the MMSE was the only cognitive test consistently used in the studies included in the meta-analysis. While the MMSE is perhaps the most widely used screening measure, it has a limited range of scores and is far less informative than other recent screening measures (eg, Montreal Cognitive Assessment (MoCA)) and multidimensional neuropsychological inventories, particularly when attempting to differentiate MCI and normal cognitive ageing. 1 Even our recent work 42 found that performance on the MoCA, typically considered to be more comprehensive and difficult than the MMSE, shows only weak associations with odour identification in MCI individuals (r=0.16, n=109, p=0.03), but a much stronger association in AD (r=0.30, n=230, p<0.0001). Moreover, several studies show that the use of an odour identification test improves diagnostic classification in dementia, above and beyond a cognitive screen. 3 43 The fact that odour identification tests can explain additional variance when included with cognitive screening tests or other neuropsychological inventories argues that these abilities are somewhat orthogonal. Finally, it is also possible that response methods for odour identification tasks bypass the need for semantic retrieval via the use of multiple choice formats. That is, the use of simple forced-choice responses included in the UPSIT and Sniffin' Sticks may not be ideal for differentiating sensory and cognitive difficulties in incipient dementia. Use of more sophisticated olfactory testing and analysis approaches, such as using odour targets with increasingly similar semantic properties between targets and foils 40 may better elucidate the relationship between cognition and odour identification in AD and MCI. Given the heterogeneity of the MCI diagnosis and the relatively small difference in cognitive screening scores typically reported between MCI and cognitively HOA, it is not surprising that we only find a weak association between MMSE and odour identification. Taken altogether, the stronger deficits found in odour identification may thus be interpreted as the sum of perceptual and cognitive processes. As such, olfactory testing may serve as an additional independent assessment tool that could enhance screening sensitivity. Surprisingly, odour memory performance was relatively unimpaired in MCI, which deviates from reported effects in AD. 5 Unfortunately, there are relatively few studies of odour memory in MCI and the methodology used in these studies is inconsistent. Together these studies suggest small deficits in odour memory performance in MCI. Yet, it remains to be seen whether MCI patients are unimpaired on odour memory tests, or conversely, if older adults are, in general, poorer on this specific type of olfactory test. 40 Odour memory may therefore be a salient olfactory domain to monitor over time, as it may differentiate those at risk from those with frank dementia, and changes over time may signal disease progression. Recent evidence indicates that impaired olfaction is associated with the progression from MCI to dementia, 23 which corroborates other longitudinal studies, 19 44 45 but, these studies are limited to odour identification. If AD is signified by the loss of odour identification and odour recognition memory, additional longitudinal studies of odour memory are needed for determining the utility of this deficit as a potential biomarker of transition.
As can be seen in the extant literature on MCI, there is considerable variation in diagnostic criteria for MCI and possible subtypes as well as the nomenclature used to define them. The results of this meta-analysis suggest that there are few differences in the magnitude of olfactory impairment between MCI subtypes as we defined them, but clearly more work needs to be done. First, in reviewing articles it was clear that while generally accepted diagnostic criteria for MCI were followed, the approach of further subtyping varied considerably. Indeed, in many cases, no subtypes were reported, with a likely heterogeneous mix of MCI patients with varying neurocognitive deficits being merged in a composite diagnosis. In the few instances where subtypes were reported, the classification criteria used and specific cognitive domains affected in sdMCI and mdMCI were not reported or lacking. Along this line, there has been considerable debate as to how exactly MCI should be defined, and whether it somehow 'medicalises' cognitive changes that simply characterise the normal ageing process. 46 This is relevant as individuals with non-amnestic MCI may actually have a disorder other than AD. 47 For example, olfactory impairments are also common in Dementia with Lewy bodies (DLB), 48 49 and, in fact, more pronounced than what is typically seen in AD. 49 50 It is possible that many MCI individuals with significant olfactory impairment will progress to DLB and not AD. At the very least, future studies should detail the methods used to arrive at subtype classification as well provide additional details of the specific types and number of affected cognitive domains, especially in the sdMCI and mdMCI categories. Better classification along with longitudinal studies will allow for improved sensitivity and specificity of olfactory dysfunction.
Moderator analysis of other variables revealed an unexpected and counterintuitive relationship between increasing age and less olfactory deficit. This relationship appeared to be driven by six outlying effects comprised of older and predominantly female samples. Sex differences in olfactory function have been well demonstrated, with women outperforming men on most tests of psychophysical olfactory function. 51 Women also have longer life expectancies than men 52 and in the current analysis, studies whose average age is higher tend to have a higher proportion of women to men. Despite this, there have been studies that show that women experience a higher rate of progression in MCI and AD, 53 54 and they tend to exhibit higher morbidity (at a younger age) than men. It is possible that the six studies noted above are not representative of the MCI-to-AD continuum. As noted above, women tend to have higher morbidity at a younger age, but these six studies include a larger number of older women who have not converted to AD. These effects underscore the need for more emphasis on the effect of sexand its interaction with age-in AD and MCI to improve our understanding of olfactory performance deficits and, more generally, disease detection and treatment. 55 
Limitations
The current study has some limitations that are worthy of discussion. First, there were a number of clinical and demographic moderators that we were unable to examine. For example, data on smoking history were often not available or were not even mentioned. While the effects of smoking on olfaction are significant, they are typically smaller than the impact of age and sex. 56 Regardless, future research could help detail the impact of smoking on olfactory functions by clearly detailing patients' smoking status as well as the overall burden of smoking through the calculation of pack years or days. 56 Second, there are an unequal number of studies using each olfactory test type and the specific olfactory tests used varied from study to study (see table 1 ). Different numbers of studies in each domain likely influence the power to detect subtle differences that may be relevant in incipient dementia. Comparing results from studies that employ different olfactory tests is challenging, but the available evidence suggests that these tests are comparable, 57 at least for the commercially available tests. While a global screening measure of cognition was not related to olfactory functioning in this current analysis, future studies using a broader neuropsychological battery may help explore any possible relationship with memory dysfunction or other neurocognitive deficit. Finally, as can be seen by the relative paucity of papers in the literature on this topic, the research on olfactory dysfunction in MCI is still in its infancy.
CONCLUSION
In conclusion, olfactory deficits are present and robust in MCI. Odour identification is most impaired in MCI, which parallels the most prominent deficit in Alzheimer's type dementia. As such, simple-to-administer tests of odour identification warrant inclusion in the screening of individuals at risk for developing AD.
Contributors DRR and PJM contributed equally to the study. They had full access to all data and take responsibility of the integrity of the data and the accuracy of the data analysis. MJM and DRR conceptualised and designed the study. Acquisition, analysis or interpretation of data was carried out by PJM, DRR, LB, MJM and SK. DRR, MJM and PJM drafted the manuscript. DRR, MJM, BIT, LB, SK, DAW and PJM critically revised the manuscript for intellectual content. Statistical analysis was performed by MJM and DRR. DRR, MJM and DAW obtained the funding. Administrative, technical or material support was provided by MJM and DRR. DRR and MJM supervised the study.
Funding This work was supported by National Institute of Mental Health (K01 MH102609) and National Institute on Aging (P30 AG10124).
Competing interests None declared.
Provenance and peer review Not commissioned; externally peer reviewed.
Data sharing statement This is a meta-analysis of published work. All data are in the public domain in the form of manuscripts. Any and all data that we report are presented in either the body of the manuscript or the online supplemental material. We are happy to share the final collated data set.
